The 51 Cr neutrino source experiments play a unique role in testing overall operations of the GALLEX and SAGE solar neutrino experiments. Recently Hata and Haxton argued that the excited-state contribution to the 71 Ga cross section for 51 Cr neutrino absorption might not be known reliably, despite forward-angle (p,n) measurements. A large-basis shell model calculation reported here indicates that the unusual situation they envisioned -destructive interference between weak spin and strong spin-tensor amplitudes -does occur for the transition to the first excited state in 71 Ge. The calculation provides a counterexample to procedures previously used to determine the 51 Cr cross section: the predicted (p,n) cross section for this state agrees with experiment, while the BGT value is well outside the accepted 3σ limit. The results argue for a shift in the interpretation of the source experiments: they become more crucial as measurements of the 71 Ga detector response to 7 Be solar neutrinos, and less definitive as wholly independent tests of 71 Ge recovery and counting efficiencies.
for the Gamow-Teller (GT) matrix element in the direction 71 Ga (J 
[One can compare this to Bahcall's recent reanalysis [3] of the 71 Ga decay. Although his results are given in terms of the dimensional cross section factor σ O = 8.611 × 10 −46 cm 2 , one can use Eq. (8.10) of [4] , the standard relation f t = 6140 ± 10 BF + g 
and the value g A =1.26 to derive BGT(gs) = 0.0863, a result consistent with the value in Eq. (1) .] However the dominant 746 keV neutrino branch excites, in addition to the ground state, allowed transitions to the 5/2 − and 3/2 − states at 175 and 500 keV in 71 Ge. Prior to the paper of Hata and Haxton [5] , the excited state transition strengths were thought to be reasonably well known because of forward-angle (p,n) calibrations, which showed that the excited state transitions account for ∼ 5% of the 51 Cr neutrino capture rate. The GALLEX collaboration has used a 51 Cr cross section deduced under this assumption, 5.92 ×10 −45 cm 2 , in extracting the ratio R of measured 71 Ge atoms to expected in two source experiments, finding R(GALLEX) = 1.00 ± 0.11 and 0.83 ± 0.10
The SAGE collaboration has recently quoted its result using a different normalizing 
All errors are 1σ. An alternative normalization of these results is provided by the ground state absorption cross section for 51 Cr neutrinos of 5.53 × 10 −45 cm 2 , which can be accurately determined from the 71 Ge lifetime. [This value is taken from Bahcall's recent reevaluation that included a number of improvements, including more accurate atomic wave functions [3] .] Combining the two GALLEX measurements and combining the SAGE statistical and systematic errors in quadrature yields R 0 ≡ E 1 + 0.667 BGT(5/2 − ) BGT(gs) + 0.218 BGT(3/2 − ) BGT(gs) = 0.98 ± 0.08, GALLEX = 1.00
R 0 is defined as the ratio of the measured counting rate to that expected from the ground state transition only, while the factor E represents any deviation in the overall 71 Ge recovery under source experiment conditions (few-atom, hot-chemistry) from that used by the experimentalists in their analysis. The experimental results on the right-hand side have not been combined because E depends on the experiment: GALLEX and SAGE employ very different chemical procedures. The dependence of R 0 on the unknown transitions strengths BGT(5/2 − ) and BGT(3/2 − ) is explicit and illustrates, in particular, that the 5/2 − state will be unimportant only if BGT(5/2 − ) is much smaller than BGT(gs). It is clear at this point that if one wishes to use the source experiment as a test of overall operations of the detector, that is, to check that E = 1, then one must have independent experimental or theoretical arguments constraining the unknown BGT values. The major issue in this paper is to delineate what can be done in this regard, and to point out that the probable situation is quite different from what is conventionally assumed.
Bahcall's recent determination of the 51 Cr cross section was based on the assumption that forward-angle (p,n) measurements provide reliable upper bounds on weak BGT values. I show below that this is not generally true. Furthermore a sophisticated shell model calculation is performed which demonstrates that this is not the case for the transition to the first excited state in 71 Ge. The calculation predicts destructive interference between the (p,n) spin and spin-tensor matrix elements, the possibility envisioned in Hata and Haxton [5] . I discuss how this result affects the interpretation of the results of the source experiments.
The Krofcheck et al. [6] (p,n) measurements for 71 Ga were made at 120 and 200 MeV, yielding BGT exp (p,n) (5/2 − ) < 0.005 and BGT exp (p,n) (3/2 − ) = 0.011 ± 0.002.
From these results the 5% estimate of excited state contributions to the source experiments was deduced. However, while the reliability of forward-angle (p,n) reactions in mapping the overall BGT strength profile of nuclei is reasonably well established, discrepancies in the case of individual transitions of known strength have been noted. Table I, repeated from Ref. [5] , compares 10 transitions for which both β decay and (p,n) information is available. In over half of these cases, the β decay and (p,n) BGT values disagree significantly. As discussed in Refs. [9, 10] , the underlying reason for the discrepancies in Table I appears to be the presence of a spin-tensor (L=2 S=1)J=1 component in the forward-angle (p,n) operator,
where
and where the notation SM indicates that a shell model reduced matrix element is to be taken. Thus BGT SM (p,n) is defined in analogy with Eq. (1), but with the operator in Eq. (8) replacing that in Eq. (2) . This effective operator indeed proves to remove all of the large discrepancies in Table I L=2 J i and for the relative sign of the matrix elements [5] .]
This discussion shows that the tendancy in Table I for (p,n) reactions to overestimate true BGT values does not reflect some general property of (p,n) reactions, but rather a specific common property of these transitions: the transition densities are dominantly diagonal, either of the form |(l
. In Table II we show that, for mirror transitions and others of this character, the interference between the GT and spin-tensor operators in Eq. (8) is constructive. But Table II also shows that even for pure single-particle transitions, destructive interference can result, as in the case of transitions between spin aligned and spin antialigned configurations. This will generally result in a (p,n) BGT value that is smaller than the true β decay BGT value. Furthermore, below we will explicitly show that a (p,n) BGT value can be substantially smaller than the true value -with the transition to the 5/2 − state in 71 Ge being a very likely example.
Hata and Haxton [5] 
This is an l-forbidden M1 transition, an example of the fourth category in Table II , and similar to the 39 K → 39 Ca(1/2 + ) case in Table I . This particular transition generates the largest spin-tensor matrix element in the 2p1f shell: if the transition were of single-particle strength, the resulting BGT (p,n) would be an order of magnitude larger than the experimental upper bound. This could indicate that the 1f 5/2 → 2p 3/2 amplitude, unlike the simple onehole 39 K case, is considerably below single-particle strength. But a second possibility, for a more complex transition of this sort involving nuclei in the middle of a shell, is that the small BGT (p,n) comes about through a cancellation between the GT and spin-tensor operators. The competing GT amplitude would arise from presumably less important terms in the density matrix, e.g., 2p 1/2 → 2p 3/2 and 1f 5/2 → 1f 5/2 . If this were the case, the β decay BGT value could be considerably larger than the (p,n) bound. When Hata and Haxton explored this issue in detail, they found values of BGT(5/2 − ) between 0 and BGT(gs) could still be compatible with the (p,n) constraint, given conceivable values for the strength of the unknown spin-tensor matrix element. Thus R 0 is only weakly constrained to the range 1 to 1.667, a cross section uncertainty that would make the source experiments much less useful as a test of detector operations.
Hata and Haxton limited their investigations to delineating what might be possible: no effort was made to use nuclear theory to try to limit these possibilities, i.e., to determine what might be probable. The discussion of the relationship between BGT and BGT (p,n) in the 1p and 2s1d shells should then be encouraging. If one makes no use of theory in Table I , large discrepancies appear between β decay and (p,n) BGT determinations. But the inclusion of the spin-tensor operator, which theory tells us should be present in the (p,n) amplitude, combined with standard shell model evaluations of the relative sign and magnitude of this second operator, nicely removes all large discrepancies between β decay and (p,n) BGT evaluations. Below we follow the same strategy in the case of 71 Ga. But this involves a complication: unconstrained shell model calculations in the canonical shell model space (2p 3/2 1f 5/2 2p 1/2 1g 9/2 ) for 71 Ga and 71 Ge are still somewhat out of reach numerically, unlike the 1p and 2s1d shell cases of Table I . Furthermore, previous microscopic efforts to calculate neutrino cross sections for 71 Ga [7, 8] , which made rather radical truncations within this space, produced conflicting results, as discussed in [5] . I argue below that the shortcomings in these calculations are apparent from experimental measurements and shell model studies of spectroscopic factors in this mass region. Fortunately the missing physics -the absence of excitations that drive deformation in the fpg 9/2 shell -can now be included in large-basis shell model calculations. Such a calculation is performed, produces a rather consistent picture of (p,n) and β decay transitions in 71 Ga and 71 Ge, and yields a very unusual relationship between (p,n) and β decay BGT values for the first excited 5/2 − state.
The complex structure of Ge isotopes has been appreciated for some time. For example, the energy of the first excited 0 + state in the lighter even-A isotopes of Ge plunges as the number of neutrons is increased, apparently leading to a level crossing with the ground state at neutron number ∼ 40 [14] . Fig. 2 shows that proton occupation numbers, derived from measured spectroscopic factors, are changing rapidly at the same point. The 2p 3/2 occupation drops dramatically as the 1f 5/2 occupation rises.
This behavior is well reproduced by a large-basis shell model calculation performed in a weak coupling basis with an interaction based on the Kuo [11] 56 Ni g-matrix, as shown in Fig. 2. [This work was performed some time ago in support of a study of 76 Ge double beta decay, but has not been discussed outside that context [13] .] The wave functions were derived by diagonalizing the proton and neutron spaces separately, allowing all excitations in the 2p 3/2 1f 5/2 2p 1/2 1g 9/2 space spanning the region between the closed shells at A=28 and 50. The lowest 50 eigenfunctions in both the proton and neutron spaces were then recoupled, and the proton-neutron interaction diagonalized in this basis. One attractive aspect of this p-n weak-coupling approach is that it allows the Hamiltonian to select the most important configurations to include in the final p-n diagonalization, rather than depending on some initial guess to simplify the shell model space. Figure 2 shows that this calculation is quite successful in reproducing the qualitative changes in the ground state proton spectroscopic factors. The physics underlying these changes can be extracted from the calculations and proves to be quite interesting [14] . As neutrons begin to occupy the 1g 9/2 shell, a strong polarizing interaction arises between 1g 9/2 neutrons and 1f 5/2 protons: these orbits have the same nodal structure and thus have favorable spatial overlap. The interaction has a strong influence on the structure of the ground state as one approaches the naive N=40 closed neutron shell. An examination of the largest wave function components shows that the spherical proton configuration 2p
is admixed with the deformed configurations 2p The transition from an essentially spherical ground state at N=38 to a deformed ground state at N=40 is particularly sharp because it is driven by the strong 1f 5/2 (p)-1g 9/2 (n) attraction, which favors the deformation, and leads to premature occupation of the 1g 9/2 shell. This interpretation is consistent with the Nilsson model, where an orbital associated with the spherical 1g 9/2 shell plunges below the Nilsson orbital associated with the 2p 1/2 shell for large positive deformation.
It is clear at this point that a realistic shell model calculation of the N=40 nucleus 71 Ga must include the excitations into the 1g 9/2 shell that drive deformation. Such a calculation is now practical: the inclusion of all configurations of the form (2p 3/2 1f 5/2 2p 1/2 ) 15 1g 0 9/2 and (2p 3/2 1f 5/2 2p 1/2 ) 13 1g 2 9/2 results in a m-scheme basis for 71 Ge of about 492,000. Matrices of this dimension can be handled with relative ease on a large-memory workstation. The calculation was performed using the interaction of Ref. [12] , with single-particle energies adjusted to fit the level ordering in 71 Ge and 71 Ga. This more modern interaction is appropriate to the upper half of the fp shell, unlike the 56 Ni Kuo g-matrix employed in the earlier weak coupling calculation, which had to be rescaled for use in the mass region A ∼ 70-80.
The resulting shell model matrix elements and predicted β decay and (p,n) BGT values are given in Table III . The one-body density matrix for the transition to the 1/2 − ground state of 71 Ge is dominated by the 2p 1/2 (n) → 2p 3/2 (p) amplitude, and thus corresponds to the third possibility in Table II (and is distinct from any of the cases in Table I ). Consequently the GT and spin-tensor operators are predicted to interfere destructively, leading to a BGT (p,n) that is slightly smaller than the corresponding β decay value. (We use δ = 0.097 in the 2p1f shell [10] .) The predicted BGT β of 0.051 is in quite reasonable agreement with experiment (0.087), corresponding to shell model matrix element of ∼ 0.77 the experimental value.
Although the experimental and calculated (p,n) BGT values for the 3/2 − disagree numerically, both values are small, 0.011 and 0.0011, respectively.
But the remarkable entry in Table III is that for the transition to the 5/2 − first excited state. The transition density is dominated by the l-forbidden 1f 5/2 (n) → 2p 3/2 (p) amplitude, leading to a huge spin-tensor operator matrix element. (The calculated value corresponds to 0.48 of the single-particle value.) The next most important contribution to the transition density, 2p 1/2 (n) → 2p 1/2 (p), generates a small GT matrix element that interferes destructively with the spin-tensor matrix element. Note that the final (p,n) BGT value, 0.0045, is in agreement with the experimental upper bound of 0.005. Now the use of these results depends on one's goals. I feel there are three logical ways of proceeding: i) Testing the overall operations of the GALLEX and SAGE detectors. If the goal is to use the experimental constraints in Eq. (6) to derive a bound on E, clearly an independent constraint is needed on the excited state BGT values. The standard procedure has been to employ the experimental (p,n) BGT values (Eq. (7)) in Eq. (6), which yields the result E = 0.94 ± 0.08 ± 0.02, GALLEX = 0.96
−0.12 ± 0.02, SAGE (11) where the second uncertainty reflects the experimental uncertainty in the measured (p,n) BGT values (Eq. (7)). But this procedure -equating the β decay BGTs to the (p,n) valuesis clearly not defensible: the nuclear structure study described aboved predicts a 5/2 − (p,n) BGT value in agreement with experiment, but yields a β decay BGT value almost four times larger than would be allowed in this simplistic analysis.
The approach taken in Hata and Haxton was to allow the GT and spin-tensor matrix elements to take on any value consistent with the constraint that matrix elements could not exceed pure single-particle limits. Now that we have a reasonable theoretical description of the 71 Ga weak and (p,n) transitions, we have some chance to narrow this range. Because the spin-tensor transition to the 5/2 − state is so strong, the obvious strategy is to mimic the calculations summarized in Table I : use theory to predict the magnitude and relative sign of the spin-tensor amplitude, then limit the GT amplitude by using Eqs. (7) (8) (9) . This is clearly preferable to directly calculating the GT matrix element, which the shell predicts is almost a factor of 30 smaller than the spin-tensor matrix element. The net result is 0.0014 < BGT(5/2 − ) < 0.032.
For the 3/2 − state it is reasonable to adopt the (p,n) BGT value, as the shell model predicts this is a typical transition where the (p,n) and β decay values are comparable. A short calculation then yields E = 0.86 ± 0.07 ± 0.09, GALLEX = 0.875 ± 0.11 ± 0.09, SAGE,
where the second error represents the BGT uncertainty of Eq. (12) . Note that if the directly calculated shell model BGT(5/2 − ) is used, 0.017, the resulting Es are in the middle of these ranges, 0.85 and 0.86, respectively. [This shell model value is in good agreement with the earlier estimate by Mathews et al. [8] (0.020), a calculation I argued was too severely truncated. This may not be accidental: among the ∼ 20 low-lying states in 71 Ga and 71 Ge that converged in our shell model study, the 71 Ga ground state and the 5/2 − 71 Ge first excited state had the smallest occupation of the 1g 9/2 shell, the orbital omitted in [8] .] I regard Eq. (13) as the best current statement about the implications of the source experiments for the overall operations of GALLEX and SAGE. The ranges include E ∼ 1: there is no indication of any operational problem. But substantial variations from E ∼ 1 are also allowed. One of the features of Eq. (13) is that the theory error is comparable to the precision of the experiments. Thus further improvements in the source experiments will not tighten the constraints on E unless some progress is made on the excited state nuclear structure uncertainties. ii) Reducing errors in derived solar neutrino fluxes. The 71 Ga detector response to various neutrino sources depends on quantities such as
The pp cross section is almost entirely due to the ground state transition. In the case of 8 B neutrinos, the cross section is quite uncertain, with the best determination coming from the (p,n) mapping of the bound-state BGT profile in 71 Ge [6] . But Eq. (12) then limits the contributions of the 175 and 500 keV states to less than 6% of the total cross section [3] . Thus the first two excited states do not contribute appreciably to estimated uncertainties in the pp and 8 B neutrino gallium responses. Of course, the extraction of E, discussed above, is important to these predictions.
But the 7 Be response is governed by the same transitions that are involved in the 51 Cr source experiment. Eq. (15) of Hata and Haxton can be rewritten as σφ(
where the possibility of neutrino oscillations is included through the factors P M SW , which give the ratio of the flux with oscillations to that without for the two 7 Be lines at 384 and 863 keV. A 7 Be flux of 5.15E9/cm 2 s has been used, corresponding to the Bahcall and Pinsonneault standard solar model with He and metal diffusion [15] . The strong similarities between the 51 Cr and 7 Be neutrino spectra were exploited to replace the E and the unknown nuclear structure quantities by a measured quantity R 0 , leaving a residual nuclear structure factor
which proves to be remarkably constant when BGT(5/2 − ) and BGT(3/2 − ) are allowed to vary over the full ranges given by Eqs. (12) and (7), respectively.
Thus Eq. (15) allows one to predict the GALLEX and SAGE responses to a given flux of 7 Be neutrinos, with almost no theoretical uncertainty, given accurate measurements of R 0 . Unlike our conclusion in i), this relation provides strong motivation for further source experiments to reduce the error in R 0 .
iii) The 51 Cr cross section. In this section we gather together various determinations, with cautionary comments, of the excited state BGT values or, almost equivalently, the 51 Cr cross section.
If one is willing to stipulate that E ∼ 1, the GALLEX and SAGE experiments then require (see [3, 5] 
This result is helpful, as in i), in showing that the source experiments and the assumption E ∼ 1 are compatible with a reasonable range of excited state BGT values. However, it does not provide a useful basis for deriving a 51 Cr cross section, as the subsequent use of this cross section in analyzing the source experiments would then be a tautology.
To be relevant to the source experiment, the cross section must be derived from information independent of that experiment. Thus the (p,n) results must be used and, as we showed in Table I and especially in the case of the 5/2 − state in 71 Ge, the relationship between (p,n) cross sections and the corresponding BGTs must take into account the complicating effects of the spin-tensor operator. The procedures used in Table I can fortunately be extended to 71 Ge because the spin-tensor matrix element is predicted to be so strong, and thus hopefully can be calculated with a degree of success similar to the cases in the Table I . Unfortunately we have seen that constructive interference between the GT and spin-tensor operators is not a general feature of (p,n) reactions, but rather of diagonal transition densities, such as occur for the mirror or nearly mirror transitions that dominate Table I . The shell model result reported here provides an explicit counterexample in the case of most interest to us, the 5/2 − state. This calculation predicts a BGT(5/2 − ) that is far outside the 3σ range considered in [3] , yet is in agreement with the (p,n) value, the same input used in [3] . The resulting σ(Cr 51 ) (Eq. (20)) is ∼ 3σ from the value of Eq. (21). The range in Eq. (19) extends to ∼ 6σ. Finally, it could be argued that the range in Eq. (19) is still too conservative, as it does not taken into account theoretical uncertainties in the evaluation of the spin-tensor matrix element or in the value adopted for δ, which are very difficult to quantify.
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